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Abstract. We discuss the aspects of the httle Higgs model with the SU (4)lX U{l)x electroweak gauge group as an alternative 
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with the physical gauge bosons. We also discuss some phenomenological implications of these fermions and the extra gauge 
bosons based on recent experimental results. 
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The little Higgs model (LHM) based on an SU{4-)i x 
U{l)x gauge group was recently proposed by Kaplan 
and Schmaltz as an alternative solution to the naturalness 
and fine-tuning issues [1]. The LHM adopts the early 
idea that Higgs can be considered as a Nambu Gold- 
stone boson from global symmetry breaking at some 
higher scale A ~ 4nf |2] and acquires a mass radia- 
tively through symmetry breaking at the electroweak 
scale V by collective breaking yj. The LHM with the 
SU{4)l X L'(l)x symmetry appears fundamentally dif- 
ferent from other types of LHMs due to the multiple 
breaking of global symmetry by separate scalar fields [4ji . 
In this model, the bound on the new symmetry break- 
ing scale / of the gauge group was obtained earlier from 
the tree-level electroweak constraints in Ref. This 
model has vector-Uke heavy quarks of charge 2/3 for 
each generation with a simple family universal embed- 
ding, but this choice leaves nonvanishing gauge anoma- 
lies which require additional fermion multiplets at the 
scale A. Instead of adding phenomenologically ambigu- 
ous extra fermions, one can construct a fermion sector 
that is already anomaly-free at the scale /, which can be 
done by embedding the first two generations of quarks 
into 4 representations of SU while the third gener- 
ation of quarks and all three generations of leptons are 
into 4s of 5t/(4)L 00]. With this anomaly-free choice 
of the fermions, we reexamine the electroweak precision 
constraints on this model. 

The scalar sector in this model is based on the non- 
linear sigma model describing [SU (4) / SU (3)]^ global 
symmetry breaking with the diagonal SU{4) subgroup 
gauged and four non-linear sigma model field <I>, , where 
i,j — 1,2. The standard 5't/(2)L xU{1)y gauge group can 
be embedded into the theory with an additional U{l)x 
group. The SU (4) breaking is not aligned and only the 
gauged SU{2) is linearly realized in this model where 



the scalar fields <I>,^ can be parametrized as ' 
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and fl = 2 L;= 1,2/17- ^^^^ ^^^y show the two com- 
plex doublets /zi 2 and discard the other singlets whose 
contributions to masses are negligible. 

The covariant derivative of the scalar and fermion 
quadruplets is given by 



-igT^A"^+igxXAf,, (3) 

where X is the t/(l)z charge, A",g and A^,gx are 
the gauge bosons and couplings of the SU{4)l and 



' Our notation on the VEVs is different from that of Kaplan and 
Schmaltz. For instance, /2 in this letter equals to / sfl. shown in Ref. 
It]. But the scale parameter / is the same eventually. 



U{l)x gauge groups, respectively, and — X" /2 with 
A" the Gell-Mann matrices for SU{4)l normahzed as 
Tr(A"A^) =28"!^. The electric charge generator is alin- 
ear combination of the U{l)x generator and the three di- 
agonal generators of the SU{4-)l group: 



with 
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diag(l, 1,-2,0), 



where 
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A^Vn/12, and 



12. Af- 



ter spontaneous symmetry brakmg, the charged gauge 
bosons have the following mass terms: 
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diag(l,l,l,-3), /4==diag(l,l,l,l). (5) where 
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The free parameters fli, 02 and 03 fix the electroweak 
charges of the scalar and fermion representations. In 
particular, oi = 1 gives the correct embedding of the 
standard model (SM) isospin SU {2)l doublets (g = + 
Y). In this model, the standard SU{2)l x U{1)y (t,b) 
doublet is embedded into a SU x U{\)x quadruplet 
V//, as follows 

WL = it,b,T,B)l. (6) 

Here we choose T{B) to have the same electric charge as 
t{b), and the duplicated extra heavy fermions iT,B) re- 
move the quadratic divergences due to their SM fermion 
partners (t.b). The full anomaly-free fermion spectrum 
for three families can be found in Ref. [7]. In this case, 
the parameters 02 and 03 are uniquely determined as 
fl2 = — 1 and (33 = 2, and the X charges of the scalar and 
quark multiplets are given as 

(7) 

and the VEVs of the two doublet Higgs fields hi ^2 are of 
the following form 
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Note that our quantum number assignments for the 
scalars and fermions as well as the form of the Higgs 
fields differ from Ref. 1 1] due to the different choice of 
the fermion multiplets. 

Since each of a, is chosen, the gauge boson structure 
of the electroweak sector is fixed, and the 15 gauge fields 
A^ associated with SU{A)l can be written as 



V2 



( Z\ 



w+ 

^2m 

Y+ 

y/0 



X:. 



W, 



y'+ 

y/O 

''V 



(9) 



fn /n _ 2 



12/iH/?i fn 



12/1 

f=fi+.fl 



'22 

J 21 
..2 



fll , fli 



22 
1 +'-2, 



(11) 



and for simplicity we use the approximation f ^ 



f: 



> v\ 
lis 



The three neutral gauge bosons A 



A and A mixing with the U{l)x gauge boson A^ are 
associated with a 4 x 4 nondiagonal mass matrix. After 
the mass matrix is diagonalized, a zero eigenvalue cor- 
responds to the photon A, and the three physical neu- 
tral gauge bosons Z, Z' and Z" have the following mass 
terms: 
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where t = gx/g, = cose^ = ^(1 +f^)/(l +2f2), 
and ©vK is the Weinberg mixing angle. Note here that the 
cancellation of the quadratic divergences in the gauge bo- 
son sector is made between the primed and non-primed 
gauge bosons with v,- in their masses. 

For the charged current, the fermion-gauge boson in- 
teraction terms (here we only consider the SM fermions 
in one family) are then given by 

^cc = -^\tt(\-J,)b^-vt{\-yM'^t 

+ (terms withxW,FW,and W') +h.c. (13) 

Also, the neutral current is given by 

= -ee(v/7''r)A^ + ^ \^it (1 - 75) 

-^[r7M^'v-^A75)v^]z;, (14) 



TABLE 1. Z and Z' couplings to the SM fermions 
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where the values of g]/ and are Hsted in Table [T] 
One can see from the table that the couplings contain 
additional new physics (NP) contributions proportional 
to the mixing angle 9 between Z and Z' where sg = 

We now calculate the electroweak constraints on this 
model from several physical observables. From Eq. (fT2] l. 
we find the custodial SU{2)l symmetry violating shift in 
the Z mass, 

where T is the Peskin-Takeuchi parameter which has 
Higgs mass (Mh) dependance. At 95% CL for Mh = 117 
GeV (300 GeV), T < 0.06 (0. 14) has been obtained from 
various experimental inputs |8]. This result gives a bound 
off > 1.7 TeV (1.1 TeV), which implies Mz' > 1.3 TeV 
(870 GeV) and Mz» > 790 GeV (520 GeV). 

The effective weak charge in atomic parity violation 
Qw can be used to measure the shift in the Z coupling 
through Z — Z' mixing: 

Qw = -2 [(2Z + A?)Ci„ + (Z + 2A^)Ci^] , (16) 

where C\q — 2g'^^g\. Using the deviation of the SM pre- 
diction from the experimental data for the cesium atom 
^Qw{Cs) = - = 0.55 ±0.49 lH, we obtain the 
bound 0.82 TeV < / < 3.4 TeV, which also implies 0.63 
TeV < Mz/ < 2.7 TeV and 0.38 TeV < Mz„ < 1.6 TeV. 

Direct experimental constraint on other four-fermion 
operators can also give bounds to the model. For in- 
stance, the exchange of the Z" produces an operator of 
the size: 

rillieLY^ieL) (qLY^igL) , nll^v^/f- (17) 

for left-left currents. Using the current bounds on this 
operator rjH = 0.01 ±0.20 lH, we obtain Mz" > 500 
GeV, which also gives / > 1 . 1 TeV. 

In summary, we discussed the aspects of the LHM 
based on the SU{4)i x U{l)x electroweak gauge group 
as an alternative solution to the naturalness and fine- 
tuning issues. We introduced the anomaly-free fermion 
embedding in this model, and presented their interac- 
tions to the physical gauge bosons. The new charged 
(flavor-changing) gauge bosons do not mix with the SM 



gauge bosons so that this model does not receive strong 
electroweak constraints in the charged sector On the 
other hand, there are two new neutral (flavor- conserv- 
ing) gauge bosons Z' and Z" which could appear at the 
electroweak scale through mixing and/or directly. Using 
the recent experimental values of the electroweak preci- 
sion constraints, we obtained the bounds on the NP scale 
parameter / and the masses of Z' and Z". 

The masses of the fermions are obtained from Yukawa 
matrices which lead mass mixing between the ordinary 
and exotic fermions. A simple way of achieving the mass 
splitting between them is to introduce an anomaly-free 
discrete symmetry. Once the Yukawa terms are identi- 
fied, one can generate the Higgs potential radiatively via 
the Coleman- Weinberg mechanism 1 10]. The further de- 
tailed studies on the Higgs potential as well as the col- 
Uder signatures of the NP particles are in progress ifTTll . 
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